Microbes as well as immune complexes and other continuously generated inflammatory particles are efficiently removed from the human circulation by red blood cells (RBCs) through a process called immune-adherence clearance. During this process, RBCs use complement receptor 1 (CR1, CD35) to bind circulating complement-opsonized particles and transfer them to resident macrophages in the liver and spleen for removal. We here show that ligation of RBC CR1 by antibody and complement-opsonized particles induces a transient Ca ++ influx that is proportional to the RBC CR1 levels and is inhibited by T1E3 pAb, a specific inhibitor of TRPC1 channels. The CR1-elicited RBC Ca ++ influx is accompanied by an increase in RBC membrane deformability that positively correlates with the number of pre-existing CR1 molecules on RBC membranes. Biochemically, ligation of RBC CR1 causes a significant increase in phosphorylation levels of ß-spectrin that is inhibited by pre-incubation of RBCs with DMAT, a specific casein kinase II inhibitor. We hypothesize that the CR1-dependent increase in membrane deformability could be relevant for facilitating the transfer of CR1-bound particles from the RBCs to the hepatic and splenic phagocytes.
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Introduction
In primates, in contrast to other vertebrates, clearing the intravascular space of complement-opsonized inflammatory particles, e.g. microbes and immune complexes, is mediated by circulating red blood cells (RBCs) using complement receptor 1 (CR1, CD35). 1,2 During this process, known as immune-adherence clearance, RBCs immobilize complement-tagged particles and transport them to the liver and spleen where resident macrophages remove the complement-tagged particles and leave the RBCs intact.
Immune-adherence clearance acts as a "buffer system", preventing deposition of circulating immune complexes in susceptible organs, such as the kidney, and preventing activation of circulating leukocytes by inflammatory particles. 3, 4 We and others have also
shown that CR1-mediated immune-adherence promotes more efficient phagocytosis and intracellular killing of complement-opsonized pathogens compared to opsonized pathogens that are free-floating in plasma and not RBC-bound. 5, 6 We have previously found that, in circulating human RBCs, CR1 is disperse in RBC plasma membranes, and, following ligation by immune particles, interacts with Fasassociated phosphatase-1 (FAP-1) and rearranges into large clusters. 7 Beneath the plasma membrane of RBCs, the spectrin cytoskeleton defines a series of "corrals" that are critical for maintaining RBC shape and deformability and for regulating the range and magnitude of lateral diffusion of most transmembrane proteins. 8 The mechanical attributes of the spectrin meshwork depend critically on the transient phosphorylation of β-spectrin, adducin, and protein 4.1R. [9] [10] [11] Therefore, we hypothesized that ligation-mediated CR1
clustering is an active process with CR1 directly affecting the phosphorylation status of cytoskeletal proteins and thus the mechanical properties of RBCs. We here report that, in
For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From human RBCs, CR1 ligation induces a transient Ca ++ influx that depends on stretchactivated transient receptor potential channel-1 (TRPC-1). In addition, CR1 ligation and Ca ++ influx promote phosphorylation of the cytoskeletal proteins, α-adducin and β-spectrin, which correlates with increased membrane deformability. Our study identifies CR1 ligation as an important event affecting RBC membrane deformability, which in itself could have an important role during the immune-adherence clearance process. 
Methods

Antibodies and reagents
nanomolar[Ca ++ ] = K d (F − F min ) (F max − F)
Western blotting analysis
RBCs (2 µL packed cells) incubated with isotype control or anti-CR1 YZ-1 mAb (10 µg/ml) were lysed in 100 µL of 1x reducing-loading buffer and boiled for 4 minutes.
Samples were run on 10% Tris-HCl gels (Invitrogen) and transferred to nitrocellulose paper (Pierce, Rockford, IL). Membranes were then incubated with Ab as noted in Figure   legends , followed by appropriate HRP-conjugated secondary Ab, and developed using LAS 4000 imaging system (FujiFilm, Edison, NJ).
Assay of RBC membrane deformability using laser optical tweezers (LOT)
Anti-GPC mAb was covalently attached to 1-μm polystyrene beads with carboxyl surfaces (Polysciences, Inc., Warrington, PA). Beads (20 µl) were washed twice in 1 ml of 20 mM MES 2-(N-morpholino) ethanesulfonic acid buffer, pH 6.1. The carboxyl groups on the beads were sensitized using 100 mM N-hydroxysuccinimide and 0.4% 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride for 20 minutes at RT.
Mouse anti-GPC antibody (10 µl of 5 μ g/ml) was added to the bead suspension and the mixture was incubated with constant shaking for 2 hours at RT. BSA was then added to 1% (final concentration), and the mixture was incubated for an additional 15 minutes.
The conjugation reaction was terminated by adding ethanolamine (100 mM final concentration) for another 15 minutes. The mixture was then washed twice in HBSS with 0.1% BSA. The conjugated beads were stored at 4°C and used within one week. 
15
Differences between the control and various experimental conditions were compared using the non-parametric one-way ANOVA followed by Tukey-Kramer multiple comparison procedure performed using MATLAB (MathWorks, Natick, MA), and p-values of less than 0.05 were considered statistically significant.
Assay of RBC deformability using a filtration device
To test the ability of RBCs to undergo capillary-like deformations, we fabricated a filter comprising an array of posts with 5x5 µm openings (channels) between them using PDMS (polydimethylsiloxane). The design and fabrication of this microchannel 2D filter
For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From device and configuration of the experimental setup have been described previously in detail. 16 To establish the flow of sample through the 2D filter device, the outlet of the device was connected to a waste reservoir (60 mL syringe barrel, Becton Dickinson, 
Statistical analysis
The statistical analysis tests were performed using Prism v. 4.0 (GraphPad Software) and are detailed for each experiment.
Results
Ligation of RBC CR1 induces Ca ++ influx
RBCs are classically described as passive carriers of immune complexes from blood to resident macrophages in the liver and spleen. We have previously reported that the ligation of RBC CR1 by complement-opsonized particles reorganizes CR1 into large clusters. 7 Here, we asked whether ligation of CR1 would trigger a RBC Ca ++ influx. Figure 1D ) and low CR1 RBCs (MFI = 110, control beads MFI = 3.55, Figure 1D ). Our results suggest that, although the RBC CR1 levels vary by about tenfold between high and low CR1 expressors, from a functional perspective the gap is less pronounced (Figures 1E and F 
TRPC1 is involved in the Ca ++ influx induced by CR1 ligation and shear stress
To verify the putative involvement of a stretch-activated cation channel (SAC) in CR1-mediated Ca ++ influx, we first used GsMTx-4, a non-specific peptide blocker of cationic SAC. 20 Our data showed that pre-incubation of RBCs with increasing concentrations of GsMTx-4 (1µM and 5µM) progressively inhibited CR1 mediated Ca ++ influx as measured by flow cytometry (Figure 2A ). We next focused on the widely expressed stretch-activated cation channel, TRPC1, which was shown to promote Ca ++ influx following mechanical stimulation of cell membranes. 21, 22 We started by investigating the presence of TRPC1 in RBCs by using immunofluorescence microscopy, flow cytometry, and immunoblotting methods. Fixed RBCs were permeabilized and reacted with either rabbit control or rabbit anti-TRPC1 mAb, followed by goat anti-rabbit AlexaFluor488 conjugated IgG. Immunofluorescence microscopy demonstrated a distinct punctate pattern at the plasma membrane, uniformly distributed throughout the RBC population ( Figure 2B ). To further confirm the presence of TRPC1 in RBCs, we used immunoblot analysis of RBC lysates probed with rabbit anti-TRPC1 mAb (Santa Cruz).
Our results show that anti-TRPC1 pAb detected a protein running at a MW around 85 kDa ( Figure 2C , right lane), which corresponded to the MW of TRPC1 identified in testes tissue lysate (Santa Cruz) used as a positive control ( Figure 2C , left lane). 23 In addition, analysis of RBCs from two low and three high CR1 donors by flow cytometry showed no consistent expression pattern between RBC TRPC1 levels, further suggesting that the differences measured in Ca ++ influx between various RBC donors are due to different expression patterns of CR1 and not TRPC1 (supplemental data Figure 2A ).
To investigate the functional involvement of TRPC1 in CR1-mediated Ca ++ influx, we next used a rabbit anti-sera (T1E3) that was raised against the extracellular 12 portion of TRPC1, and was used successfully to inhibit TRPC1-dependent Ca ++ influx. 24 Our results showed that T1E3 recognized an epitope on RBCs ( Figure 2D ) and that preincubation of RBCs with T1E3 prior to CR1 ligation successfully prevented CR1-mediated Ca ++ influx ( Figure 2E ). Importantly, sera had to be removed prior to CR1
ligation by repeated washes to prevent RBC Ca ++ influx followed by RBC lysis due to activation of the classical complement pathway and formation of C5b-9 complex in RBC plasma membrane. Taken together, our results strongly suggest that TRPC1 is implicated in the CR1-mediated RBC Ca ++ influx.
CR1 ligation increases RBC membrane deformability
The CR1-mediated immune clearance process takes place in liver and spleen where
RBCs are forced to pass through narrow 3-4 µm capillaries as well as small 2-3 µm slits of the walls of the reticuloendothelial sinusoids. 25 Therefore, we hypothesized that CR1 ligation would increase RBC membrane deformability thus offering mechanical advantages during the immune complex clearing process. To address this question, we employed two methods used for measuring membrane deformability: shape recovery after laser optical tweezers-(LOT) assisted cell deformation, and filtration through micro-channel arrays. In the first approach, the deformability of RBCs is measured as the time it takes the cell to recover its original biconcave shape after a bead attached to its membrane by anti-glycophorin C mAb, is pulled away to deform the cell. [26] [27] [28] [29] The second approach uses micro-channel arrays to assess RBC deformability based on the time required for RBCs to squeeze in and pass through an array of capillary-like channels. 30 
This method requires no RBC manipulation and can analyze large numbers of RBCs
within minutes after blood collection. Using LOT, the force necessary to elongate the RBCs by 2 µm was 9-13 pN, and showed no significant difference between control and CR1-crosslinked RBCs, independent of the presence of extracellular Ca ++ (supplemental Figure 3A) . A range of force values was observed since the elongation was held constant and the variation in force was coupled to the variation in the cell size; our observed force of about 10 pN is similar to other reports 31, 32 and demonstrates that small extensions were used. We found that ligation of CR1 with primary and crosslinking secondary Ab shortened significantly the recovery time (60 ± 10 ms, p<0.01, Figure 3A ) compared with the control cells without CR1 crosslinking (72 ± 11 ms, Figure 3A ). The 
RBC CR1 ligation induces phosphorylation of β-spectrin and α-adducin
The RBC membrane skeleton is comprised of spectrin tetramers arranged to form an elastic network (reviewed in 34 ). Serine phosphorylation of β-spectrin is one known means of modulating the mechanical properties of RBC membrane. 9 Based on our findings regarding the effect of CR1 ligation by Ab on RBC membrane deformability (Figure 3) , we hypothesized that ligation of CR1 would promote phosphorylation of β-
spectrin. To assess this hypothesis, CR1 was ligated with primary and secondary Ab at
For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From 4°C, and phosphorylation levels of spectrin were measured by both FACS and western blotting after incubation of RBC at 37°C for 0, 10, and 25 minutes. These time points were chosen knowing that more than 90% of the immune complexes are removed in the first 10 minutes after appearing in the circulation. 35, 36 For FACS analysis, CR1 ligation was performed using rabbit polyclonal Ab followed by incubation with highly crossabsorbed goat anti-rabbit Ab that lacks cross-reactivity with anti-phospho-serine/-threonine detection Abs. Following incubation with anti-CR1 Ab or control IgG (Figure 4 A), RBCs were fixed and permeabilized and total phosphorylation levels were detected by anti-phosphoserine/-threonine mAb followed by AlexaFluor488 goat anti-mouse IgG.
Our results ( Figure 4A ) show that total phosphorylation levels of serine/threonine residues after CR1 ligation was elevated after 10 minutes and decreased to almost basal values in 25 minutes. We next used western blot analysis to specifically evaluate the levels of phospho β-spectrin in RBC lysates obtained at 0, 10, and 25 minutes following CR1 ligation. Consistent with the FACS results, the phosphorylation levels of ß-spectrin reached a maximum at 10 minutes and decreased to or below normal values after 25 minutes ( Figure 4A , lower panel). In parallel, we investigated the effect of RBC CR1 levels on the phosphorylation levels of β-spectrin using known CR1 expressors. We found that at 10 minutes the phosphorylation levels of β-spectrin were higher in high CR1 expressors (supplemental Figure 4) although at earlier and later time points the differences were not significant (data not shown).
In human RBCs, PMA-induced PKC-mediated phosphorylation of α-adducin at Ser 726 promotes dissociation of actin from the spectrin network 11 , and it contributes to increasing RBC membrane deformability 37 . Therefore, we next analyzed the For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From phosphorylation status of α-adducin following RBC CR1 ligation using a specific mAb that recognized the phosphorylation of human adducin at Ser 726 ( Figure 4C ). Total adducin in RBC lysates was detected on a parallel gel using an anti-adducin mAb ( Figure   4C , lower panel). The basal level of phospho-Ser 726 α-adducin is usually undetectable without the use of calyculin, which blocks phosphatase activity. 11 We did not use calyculin for these experiments, as it is likely that ligation of CR1 triggers a cascade of both phosphorylation and de-phosphorylation events and blocking just one arm of this process could bias the detection of the actual signal. Our data show that ligation of CR1 induced a significant phosphorylation of adducin at Ser 726 at 10 minutes ( Figure 4B ).
The finding that the CR1-mediate increase in membrane deformability requires Ca Figure 4B) , suggesting a lesser contribution of phosphorylated adducin to total RBC deformability as assessed by our two methods.
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Inhibition of Casein Kinase 2 prevents CR1-mediated increase in RBC membrane deformability
Because β-spectrin contains specific phosphorylation sites for both CKI (casein kinase I) and CKII (casein kinase II) 38 , we investigated the role of each of these enzymes in CR1 mediated spectrin phosphorylation using specific inhibitors. RBCs were incubated for 15 minutes prior to CR1 ligation with either 0.2% DMSO, D4476, a CKI inhibitor 39 , or DMAT, a CKII inhibitor. 40 The effects of CK inhibitors on CR1-initiated β-spectrin phosphorylation were assessed by western blotting using anti-phosphoserine/threonine 
Discussion
The data presented in this study identify a novel functional consequence of RBC CR1 engagement that is likely relevant to the immune complexes transfer process. We show that CR1 ligation increases RBC membrane deformability by promoting β-spectrin phosphorylation through activation of CKII. The present work is based on our previous The most important function of RBCs, delivering oxygen to tissues, depends largely on the deformability of their membranes, which is a measure of the ability of RBCs to change shape in response to external forces. 42, 43 The dynamic, energy-dependent link between cell membrane and skeleton is essential for the ability of RBCs to pass rapidly through capillaries. 44, 45 Maintaining optimal RBC membrane deformability is thus critical for the body to insure appropriate perfusion of the tissues by preventing trapping of less deformable RBCs in capillaries. Therefore, we next investigated the effect of CR1 ligation on RBC membrane deformability by employing two complementary methods:
LOT shape recovery and filtration through microchannel networks. Shape recovery and filterability measure two essential elastic properties of the cell, dynamic extensional elasticity and bending elasticity. Our hypothesis is that engagement of RBC CR1 by complement-opsonized particles would increase membrane deformability to facilitate the delivery of opsonized particles to resident macrophages present in the narrow (3-4 µm) sinusoid capillaries in the liver and spleen. 25 Our results show that ligation of CR1 significantly decreases RBCs extensional recovery time and RBCs passage time through microchannels, which importantly, also depends on the number of RBC CR1 molecules Previous studies demonstrated that increased RBC membrane tension by mechanical stimulation was responsible for augmented membrane permeability for Ca ++ . 46 Here, we addressed the involvement of stretch-activated ion channel TRPC1 in CR1-mediated Ca ++ influx, a protein that has been proposed to be involved in transducing membrane stretch into Ca ++ influx. 22 Our results obtained using an inhibitory antibody against TRPC1 (T1E3) show for the first time that TRPC1 is functionally expressed in mature RBCs and is involved in mediating CR1-dependent Ca ++ influx. Our data also
show that the levels of TRPC1 expression in RBCs from low and high CR1 expressors did not follow the expression pattern of CR1. This finding strongly suggests that the amplitude of the RBC Ca ++ influx promoted either by anti-CR1 mAb ( Figure 1A ) or complement-opsonized particles ( Figure 1B) is due to the actual number of CR1 molecules per RBC and not to the expression patterns of the TRPC1.
We and others have shown that engagement of RBC GPA (glycophorin A) by C3 complement fragments during complement activation significantly reduces RBC membrane deformability, which likely accelerates RBC removal from the circulation. 26, 47 As the signaling events triggered by complement fragments engaging CR1 and GPA have opposing consequences on RBC membrane deformability, the ratio between the number of complement-ligated CR1 and GPA molecules could be important in determining the net change in RBC membrane deformability. Consequently, the genetically determined number of CR1 molecules RBCs could be relevant in certain pathological conditions
For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From associated with significant intravascular complement activation, such as sepsis (reviewed in 48 ) with high RBC CR1 expressors having functional advantage over the low RBC CR1 expressors. Consistent with our hypothesis, a recent clinical study extended over 5 years compared the mortality and morbidity of chronically dialyzed patients with consistently low or high RBC CR1 levels. Patients with consistently low RBC CR1 levels had a 1.6x higher mortality compared to those with high RBC CR1 levels, likely due to diminished immune-clearance. 49 The role of adducin phosphorylation by PKC in modulating RBC membrane deformability and stability is well described in the literature. 11, 37 We showed here that CR1 ligation leads to increased membrane deformability and increased phosphorylation of α-adducin and β-spectrin (Figures 3 and 4) ; Rac2 -/-mouse may cause an apparent decrease in membrane deformability. Importantly, the effect of CR1 ligation on membrane deformability lasted significantly longer than its effect on spectrin phosphorylation (Figure 4 ), which would suggest that additional regulatory mechanism such as interaction of spectrin with certain lipids from plasma membrane are also important in modulating RBC membrane deformability and stability.
50,51
For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From Our studies using cell-permeant specific inhibitors for casein kinases identified CKII as the main kinase responsible for phosphorylation of ß-spectrin promoted by CR1 ligation and detected no effect due to CKI inactivation ( Figure 5 ). However, there are conflicting reports in the literature regarding the identity of the RBC CK responsible for phosphorylation of β-spectrin, with one report identifying CK II 38 and another one CKI 9 .
This seeming contradiction may be explained by the fact in the paper identifying CKI as the main β-spectrin kinase, the authors used: 1) [γ 32 P] ATP as a phosphoryl donor, which can be used by both CKI and CKII; and 2) N-(2-Aminoethyl)-5-chloroisoquinolinesufonamide (CKI-7), an inhibitor now known to inhibit ribosomal S6 kinase (S6K1), serum/glucocorticoid regulated kinase (SGK), stress/mitogen activated kinase (MSK1), in addition to CKI. 39, 52 Intriguingly, our data showed that incubation of RBCs with CKI inhibitor increased the levels of β-spectrin phosphorylation, both in control and CR1-ligated RBCs ( Figure 5 ). This unexpected result could be explained by the regulatory activity of CKI on serine/threonine protein phosphatases present in RBCs, and responsible for de-phosphorylation of spectrin. 53, 54 In conclusion, we have demonstrated that ligation of RBC CR1 triggers a complex Ca ++ -dependent signaling cascade leading to a significant increase in plasma membrane deformability. In addition, recognition of CR1 ligation, as well as its expression levels as important factors involved in regulating RBC membrane deformability will allow us a better understanding of immune adhesion as well as the immune transfer process. Based on our work, one can also speculate that in critically ill patients transfusion with RBCs from high CR1 expressors could be potentially RBCs were incubated with anti-CR1 mAb followed by secondary crosslinking Ab in the presence of CK I or CKII inhibitors and deformability was tested using microfluidic devices within 15 minutes. These results are representative of two independent experiments
